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Allostery is an important regulatory phenomenon enabling precise control of biological function. Initial understanding of allostery was gained from seminal work on conformational changes exhibited by structured proteins. Within the last decade, protein allostery has also been demonstrated to occur within intrinsically disordered proteins. This emerging concept of disorder-mediated allostery can be usefully understood in the context of a thermodynamic ensemble. The advantage of this ensemble allosteric model is that it unifies the explanations of allostery occurring within both structured and disordered proteins. One central finding from this model is that energetic coupling, the transmission of a signal between separate regions (or domains) of a protein, is maximized when one or more domains are disordered. This is due to a disorder -order transition that contributes additional coupling energy to the allosteric system through formation of a molecular interaction surface or interface. A second key finding is that multiple interfaces may constructively or destructively interfere with each other, resulting in a new form of allosteric regulation called 'energetic frustration'. Articulating protein allostery in terms of the thermodynamic ensemble permits formulation of experimentally testable hypotheses which can increase fundamental understanding and direct drug-design efforts. These ideas are illustrated here with the specific case of human glucocorticoid receptor, a medically important multi-domain allosteric protein that contains both structured and disordered regions and exemplifies 'energetic frustration '. This article is part of a discussion meeting issue 'Allostery and molecular machines'.
Introduction
Allostery, a type of signal transmission, is the process whereby binding of a ligand at one site of a macromolecule (often protein) affects a distal site [1] [2] [3] , resulting in a change of conformation or binding affinity. Early examples of allosteric proteins, such as haemoglobin [4] , protein kinase A [5] and aspartate transcarbamoylase [6] , identified rigid-body conformational changes between structural conformers that were important for function. All of these examples motivated, and could be described by, classic models of allostery, which were first articulated more than 50 years ago [7 -9] .
However, it has become clear that structure-based descriptions of allostery lack the ability to quantitatively explain important experimental observations [10] . For example, a growing set of allosteric proteins do not seem to conform to the paradigm of exhibiting well-defined structural endpoints. Such proteins are capable of allosteric events despite substantial intrinsically disordered (ID) regions or conformationally dynamic domains (e.g. E1A, Phd/Doc, PDZ domain, TetR [11] [12] [13] [14] ). These cases were anticipated decades ago through the pioneering work of Cooper and colleagues, demonstrating the theoretical importance of thermodynamic fluctuations in proteins and that order-disorder transitions might easily result [15, 16] . Understanding these proteins and their 'disorder-mediated allostery' will be critical to understanding thermodynamic regulation of biology [17] .
Because recent work from this laboratory [18] [19] [20] [21] has revealed detailed insight into the disorder-mediated allostery within glucocorticoid receptor (GR), GR will be used as a case study throughout this review [19] . GR is a member of the steroid hormone receptor (SHR) family [22] , whose members all share some degree of sequence similarity and a similar domain architecture (outlined in figure 1, top) . Although structures of the steroid-binding and DNA-binding domains (DBD) are known, a striking property of the SHR family is the presence of disordered N-terminal domains (NTD) of variable length ( figure 1, bottom) . The DBD exhibits the highest sequence conservation of all the SHR domains, while the NTD exhibits little conservation, making this region difficult to align and transitively infer its structure or function (figure 1). Despite the lack of sequence conservation, these disordered domains are functionally indispensable, being required for transcriptional activity [25] . Moreover, the ID NTD of GR has been shown to go through coupled binding and folding events [26 -30] . What is described in the following work likely applies to the broader nuclear receptor (NR) superfamily [31] , of which the SHR family is a part, and the general thermodynamic concepts can be applied to other ID, or structured, allosteric systems [17, 32] .
The protein ensemble: structure and disorder
Every protein in general, and GR in particular, cycles through a large number of possible conformational states at equilibrium [33] . This collection of conformers, ranging from folded, to partly collapsed, to completely denatured, is termed the 'protein ensemble'. Depending on solution conditions and temperature, these 'microstates' may be more or less populated according to their individual stabilities. The formal statistical -mechanical relationship between equilibrium stability (DG) and population (P) is expressed as:
In the above equation, P i is the population of an individual microstate i with characteristic stability DG i , R is the gas constant, T is absolute temperature and Q is the partition function of the ensemble, defined as
where N is the total number of microstates in the ensemble.
Owing to the exponent in equation (2.1), a trace of population versus stability is sigmoidal in nature. In the neighbourhood of the inflection, a relatively small change in stability, perhaps a small multiple of RT, can result in a large population change [34] . If the population change in question was a disorder-order transition, such as a protein folding reaction, a small input of energy would result in a dramatic 'appearance' of structure and, perhaps, function. Such an input of energy may come from different sources, such as a temperature shift or a coupled folding -binding reaction (for an example involving ID protein, see N Tail [35] ).
The key insight from our studies is that multi-domain ID proteins, such as GR, are composed of regulatory and functional domains, which can undergo a collection of energetically coupled folding-binding reactions in response to ligand or cofactor binding. If there are at least two domains that can cooperatively interact, the resulting population changes in the GR ensemble can output a repertoire of nonintuitive functional phenotypes. These phenotypes can explain the origins of disorder-mediated allostery, as well as many puzzling aspects of GR biology [19, 36] .
The DNA-binding domains ensemble
A more concrete illustration of the ensemble nature of proteins is given by focusing on the structured GR DBD. In addition to the high overall sequence conservation, the fold of this domain is found in many other protein families besides the SHR family, testifying to its functional utility throughout evolution [37] [38] [39] . Surveying only the multiple known structures of GR DBD, of which there are more than 60 with identical amino-acid sequences to the human [40] , a surprisingly diverse set of conformers are observed (figure 2 and [42] ). These conformers can be considered as a 'sub-ensemble', relative to any additional degrees of freedom available to the molecule outside the crystal. Despite the fact that all these DBD snapshots are 'structured', the individual structures exhibit a striking degree of variability: extensive loop regions occupy different conformations, corresponding helices are of variable lengths and the N-terminal beta hairpin clearly shows different degrees of foldedness (figure 2).
Many of the pairwise comparisons of different structures result in minimum root mean squared deviations (RMSDs) of more than 2 Å , which is a significantly large variance for such a small, well-conserved, domain [43] . These different conformations are a physical manifestation of one extreme mode of ensemble sampling that domains experience in solution. That this sampling is so evident, even in the most highly conserved sequence region of GR, suggests that these conformational fluctuations may be similarly conserved in other SHRs. Indeed, several studies indicate that conformational plasticity is probably a general attribute of DNA-binding proteins [44 -46] .
Further indications of conformational plasticity within the DBD are evident when one considers the effects of DNA binding on the isolated DBD. Canonical glucocorticoid response elements (GREs) are essential for the regulation of many genes [47] . GREs contain two tandem 6 bp DNA-binding sites for GR that bind one GR each and are separated by 3 bp. Though crystallographic structures suggest that the interface for interactions between the DNA-bound GR DBDs involves only a few amino acids, large structural perturbations, as measured by NMR spectroscopy, are induced throughout the entire DBD upon any alteration in sequence of the DNA substrate [48] . These canonical GREs allow for pairs of GR to bind, yet the majority of the increased affinity for GR to GREs can be attributed to cooperativity of binding, rather than an energetically favourable dimerization prior to binding [49, 50] . The DNA-binding activity of GR implies a very complicated relationship between structure and function that can only partly be explained by the available structural information.
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GREs can function both to positively and negatively regulate GR activity through binding to the same sites on the DBD [51, 52] . Complicating the conformational landscape of the GR DBD even further are the myriad possibilities for homoand hetero-dimerization for GR: not only can GR bind to DNA in conjunction with other GR molecules, it can also hetero-dimerize and bind DNA in tandem with some other transcription factors [53, 54] . For example, GR can bind to DNA in complex with the androgen receptor (AR) to negatively regulate transcription of the downstream gene. This interaction directly depends on a physical interaction between the dimerization interfaces of each SHR's DBD [55] . Though these interfaces may have been conserved through evolutionary history, it is nonetheless indicative of conformational flexibility that these DBDs are capable of interacting with one another despite having evolved to bind to different DNA sequences. The existence of different binding sites and the variety of transcriptional outcomes that result from binding to those sites indicate that the DBD itself can and does populate a number of different conformational states in response to binding different DNA sites. In order to achieve such a variety of complicated biological responses, the DBD must populate an ensemble of DNAbinding-competent microstates to fully perform in its biologically relevant capacity. Though the DBD is a small, wellordered domain, it can be viewed as a compelling example of the importance of an ensemble-based approach in even the most classic systems.
The disordered ensemble
The other extreme of conformational sampling is that occurring within an unstructured molecule. This mode is biologically relevant for function, because disorder is observed (and predicted) more often than expected in signalling proteins and transcription factors [56] [57] [58] . Unlike the DBD, the conformational space of an ID domain, like GR NTD, is much more difficult to visualize. Fortunately, in [18, 19] . Amino-acid sequence conservation of DBD, the most conserved region of the family, and conservation of the R-domain (residues 1 -97), the least conserved region, are explicitly shown [23] . Stronger colour density indicates a higher degree of conservation, yellow denotes hydrophobic side chains, red/blue indicates charged and polar side chains [24] . ER, Estrogen Receptor; PR, Progesterone Receptor; GR, Glucocorticoid Receptor; MR, Mineralocorticoid Receptor; AR, Androgen Receptor. The cartoon molecule denotes the Protein Data Bank structure of GR DBD bound to PAL DNA, accession number 3g99. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170175 the context of protein allostery, the exact conformations need not be known in order to productively understand ensemble behaviour. If a domain undergoes a disorder -order transition, any energetic perturbation of a system, such as ligand binding, can effectively redistribute the populations of functional microstates in the ensemble [21, 59] . There are three reasons for this: first, folding of ID proteins is often coupled to ligand binding, the energy (DG bind ) of which will affect microstate populations in the partition function (equation (2.2)) [59] ; second, folding may create an interface for a protein -protein interaction that similarly will change the partition function through an interaction energy (Dg int ) [19] ; third, the folding of the domain alone (DG) affects the populations of other microstates in the partition function by its mere presence, through so-called 'silent states' detailed below.
For some time now [59] , it has been known that site-tosite allosteric coupling is optimized in a multi-domain protein where one or more of the component domains are ID in character. The detailed formalism has been described elsewhere [17, 36, 59 ], but the result indicates an alternative, and more general, mechanism of allostery than that proposed by the classical, structure-based models.
GR is a system ideally suited to explore the ramifications of such disorder-mediated allostery: it is composed of several domains (some of which are ID), it contains multiple known binding sites within these domains for DNA and transcriptional cofactors [60] , and thermodynamic couplings between these domains, suggesting the presence of transient interfaces, have been discovered and quantified [18, 19] . Additional experimental justification for this treatment is that the GR NTD can fold to a globular protein-like structure [18, 20] , consistent with the generally accepted principle of coupled folding and binding for ID proteins, where the folded conformation is the active conformation.
Thermodynamic coupling: ensemble allosteric model
Thermodynamic coupling of domains within a protein can be modelled using statistical thermodynamics. Populations of molecular species (microstates) are directly related to statistical weights, which reflect the relative free energy of each species within the thermodynamic system (equations (2.1) and (2.2)). Thus, the lower the free energy, the higher the population. Although statistical mechanics is not a new idea, the new insight leveraged here is that the thermodynamic coupling energy between protein domains is not negligible and can profoundly affect the partition function, and thus the populations of microstates. Our model, termed the ensemble allosteric model (EAM) [17] , assumes two states, active or inactive, for each domain of a protein. The exact nature of these states is probably important to a detailed atomic-level interpretation of results, but it is irrelevant to the thermodynamic model described. The inactive state could be unfolded, conformationally dynamic or in a folded state that is binding incompetent. The most important aspect is that the states need to be thermodynamically separated by a measurable energy barrier so that their stabilities (DG) can be calculated. In the simplified case of a two-domain protein, where the active and inactive states are folded and disordered, respectively, the allosteric coupling energy (Dg 1 -2 
One caveat in such an analysis is that one must know what constitutes a domain within a protein of interest. Domain prediction algorithms exist [61, 62] , but in the case of GR, the DBD and steroid-binding domain have been defined structurally and functionally [63, 64] . The disordered NTD of GR has been considered one domain for decades, but existence of, and research into, translational isoforms of GR suggested that a more complicated domain architecture existed [65] . Our recent work demonstrates that the NTD of GR is split between a regulatory domain (R) and a functional domain (F) [18, 19] .
Distinct energetic couplings are observed between R and F, R and DBD, and F and DBD (figure 1). One physical manifestation of an energetic coupling would be a protein -protein interface between pairs of domains (or even the domain triplet). An interface would form most naturally as the result of a coupled folding -binding interaction, as an ostensibly disordered domain folds. Interfaces between GR domains have yet to be completely mapped, but there is evidence that the DBD contains one conserved R-domain interaction surface near its N-terminus [19] . In addition, one naturally occurring isoform, canonically named 'C3', that lacks the R-domain may exist to control the absence of the entire R-domain [65] . Truncation of the R-domain simplifies the resulting thermodynamic model (as shown in figure 4) , and in the case of GR results in an F-domain that folds more readily.
For the three-domain fragment of GR described (analogous to isoform A), the R-, F-and DBD domains would be separately parametrized in the EAM. A schematic of this ensemble is given in figure 3 , which is merely a list of permutations representing all possible thermodynamic states of each domain. For this three-domain system, each domain may adopt one of two thermodynamic states ('inactive' or 'active', as mentioned above), resulting in a total of 2 3 ¼ 8 possible energy levels. Again, the key advantage of this treatment, made clear in the second column of figure 3, is that the coupling energies, Dg, are 'invisible' when a domain is studied in isolation, but explicitly contribute to the populations of each microstate when the entire system is considered. (Additional energy from ligand binding, Dg Ligand , further perturbs the system by expanding the number of possible microstates, and is elaborated below.) An important conceptual difference between the EAM and classic models of allostery is that the EAM treats both structure and disorder as integral components of allostery; the fully unfolded microstate is explicitly considered (the last row of figure 3 ), while in classic models this microstate is ignored. Also of note in the EAM is the presence of interaction energies (Dg i2j ), these are of importance in the newly discovered phenomenon of 'energetic frustration' [19] , whereby domains in a protein are coupled in an antagonistic manner (the details more fully described later in this work). In figure 3 , 'active' or 'binding-competent' domains are generally indicated by folded structure (i.e. filled shapes), while 'inactive' or 'binding-incompetent' domains are indicated by unfolded structure (i.e. curved lines). Thus the atomic structure of the molecule is not thermodynamically relevant for explaining the functional consequences of the allosteric mechanism.
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Glucocorticoid receptor as an exemplar of disorder-mediated allostery
For the specific case of GR, we will just consider the first three domains (R, F and DBD) and two of its translational isoforms [65] . The A isoform has the full N-terminus, including the R-and F-domains. The C3 isoform lacks the R-domain, and its F-domain is thus considerably more stable [18] . Our previous work defined the coupling interactions between these domains (figures 3 and 4 and [18, 19] ), and thus defined the possible microstates in the GR conformational ensemble. In figure 4 , we consider the effect of DNA binding to DBD on this GR ensemble. Some of these microstates have a DBD that is binding competent, and of these states the F-domain is either folded (active) or unfolded (repressed). There are also silent states where the DBD is in a low-affinity state that preferentially disappears upon introduction of DNA. The exact structure of low-affinity DBD is unclear, though it may be a minor conformation that is already captured in the known experimental DBD structures described above or the NMR structure [66] . To model DNA-binding, one need only introduce an additional energy term into the EAM, which has been explicitly coded into a publicly available executable [19] . The energy of binding ligand is described Figure 3 . Diagram of microstates and populations for the ensemble of a three-domain allosteric model of GR. The inactive states are schematically depicted as curved lines and the active states as filled shapes. The three domains, modelled after the GR A isoform, are labelled DBD (DNA-binding domain, blue), R (Regulatory domain, red) and F (functional domain, grey). The fully active protein (first row) is used as a reference state for the values of DG. To get the probability of any microstate, one must first calculate the statistical weight of all the microstates. The statistical weight of any given state is the natural exponential of an DG describing that state (equation (2.1)); these are the numerators of the third column. The probabilities are then the statistical weight of the desired state, divided by the sum, Q, of all statistical weights (equation (2.2)). Values of Dg set in lower case represent interaction energies between domains. The GR A isoform may access eight microstates in the ensemble, as depicted here. By contrast, the truncated C3 isoform (composed only of the F-domain and the DBD) can be represented by only four microstates (i.e. those containing R-domain would be missing, not shown). In the EAM, the experimental observable of transcriptional activity is represented by the probability of states whose F-domain is folded (i.e. rows 1, 2, 4, 7 of this figure). The experimental observable of DNA binding affinity is represented by the probability of states whose DBD exhibits the high-affinity DBD (folded) conformation (i. e. rows 1, 3, 4, 6 ). In the presence of DNA (figure 4), these particular states may access an additional energy level due to DNA binding, this possibility is accounted for by the parenthetical (þDg Ligand ) term.
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where K a is the association constant for ligand, DNA in the present example. As with the other interaction energies already described, the energy of ligand binding modifies the total energy of states that can bind ligand. In this example, Dg Ligand will be negative and added to the stabilities of the states in rows 1, 3, 4 and 6 of figure 3 . DNA binding provides additional concentration-dependent stabilization (DG) to the DBD. Supporting this parametrization is the observation that different DNA sequences, and whether they are 'half-sites' or 'full-sites', have been experimentally shown to provide different amounts of stabilization [42, 69] .
To model all these effects, an ensemble of states was constructed for the A and C3 isoforms of GR, enumerating all possible combinations of the DBD being in the high-(folded) or low-affinity (unfolded) states, and the F-domain being in its active (folded) or inactive (unfolded) states. Given the other experimentally measurable inputs of DG i and Dg i2j , the EAM computes populations of the various microstates in the GR ensemble, before and after introduction of DNA to the system. Examples of these populations are shown in figure 4 for the A and C3 isoforms. Since a functional phenotype directly depends on the population of functional molecule present, changes in population are of unique value in explaining biological function. As seen in figure 4 , population changes, and their functional implications, can be dramatic and non-intuitive. This emphasizes the fundamental probabilistic nature of the allosteric mechanism. Inspection of the resultant ensembles provides both a quantitative description of the allosteric response and unanticipated insight into how GR uses an opposing control mechanism to tune activity.
The non-intuitive experimental observation is that the A isoform binds DNA more tightly than the C3 isoform, but is unexpectedly less transcriptionally active [19, 65] . How could this possibly be if the sequences and structures of DBD-and F-domains are identical between the two isoforms?
First, the EAM predicts a large difference between the A and C3 isoforms, both in terms of the DNA binding affinity and transcriptional activity upon binding DNA. Both isoforms exhibit unmeasurable activity in the absence of DNA, and in the presence of DNA the active F-domain is populated at 7.3% in the A isoform, while the C3 isoform is populated more than four times higher to a level of 33.0% (green boxes, figure 4) . Simultaneously, the A isoform binds DNA more strongly than the C3 isoform (red and green boxes, figure 4 ). These outcomes cannot be rationalized by a structure-based model of allostery because the folded DBD itself has the same intrinsic affinity regardless of the isoform. Instead, the outcome is determined by the presence in the A isoform of the R-domain, which is negatively coupled to F-domain and positively coupled to DBD. These ensembles thus provide a quantitative explanation for how the GR A isoform displays higher affinity for DNA, while the GR C3 isoform is more active: the negative coupling between the R-and F-domains produces ensembles wherein states with Legend is located at the bottom right. Positively coupled (functional) states are collected within green boxes and negatively coupled (repressing) states are collected within red boxes. Shown also are silent states that have a low affinity for DNA and transcriptionally inactive. Silent states dominate the pre-DNA ensembles in both cases. Parameters for the EAM were obtained from an optimized fit to experimental data, as described in our previous publications [18, 19] . These parameters are as follows (all values in kcal mol
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170175 different combinations of properties (i.e. DNA-binding affinity and transcriptional activity) have different probabilities for each isoform. Because the overall observed value for a given property is an ensemble-(or Boltzmann-)weighted contribution of all states, different combinations of high and low DNAbinding affinity and high and low transcriptional activity will produce ensembles with different average properties. Importantly, these properties cannot be assigned to a unique conformation-instead the effect is statistical.
Second, the possible states of the ensemble pre-encode the possible allosteric mechanisms. In other words, the overall ensemble is composed of at least three different functionally relevant sub-ensembles (figure 4): (i) the sub-ensemble in which the DBD is positively coupled to the F-domain (figure 4, green boxes), (ii) the one in which it is negatively coupled (figure 4, red boxes) and (iii) the sub-ensemble of functionally 'silent states' ( figure 4, grey boxes; i.e. states that are neither active nor bind DNA tightly). Importantly, states with high affinity for DNA (i.e. those that will be preferentially populated in presence of DNA) are associated with both active and inactive forms of the F-domain. Whether the binding of DNA will result in an increase or a decrease in the probability of the transcriptionally active F-domain is a consequence of which sub-ensembles dominate the overall ensemble. Perhaps counterintuitively, within the unbound ensembles, the silent sub-ensemble actually dominates the probabilities. Addition of DNA (figure 4, dashed lines) stabilizes (i.e. lowers the energy of ) the states with high affinity for DNA, which increases the probability of both the positively and negatively correlated sub-ensembles, and decreases the probability of the silent sub-ensemble. Interestingly, for both isoforms, the negatively correlated sub-ensemble is increased to a greater extent than the positively correlated sub-ensemble, even though the overall impact is to increase the probability of the active state of the F-domain. This unexpected result is a direct consequence of the simultaneous tuning of both activating and repressing sub-ensembles.
Energetic frustration: a robust mechanism for allosteric regulation
The realization that different outcomes, activation or repression, can be pre-encoded within any protein's ensemble suggests a flexible allosteric mechanism that many multidomain proteins, with varying degrees of structure, might use to respond to an array of different effector molecules. A subset of outcomes seems to represent one particularly effective allosteric regulatory mechanism, whereby activation or repression is highly dependent on the specific signs and magnitudes of the inter-domain interactions. We have termed this special mechanism 'energetic frustration' [19] . The name of this mechanism was inspired by 'geometric frustration' from solid-state physics [70, 71] , but the two concepts are different. Energetic frustration is based on an equilibrium model that is agnostic to protein folding and just refers to different thermodynamic states (e.g. high versus low affinity to some ligand of interest). Although these states may possibly correspond to order-disorder transitions, energetic frustration contrasts with the application of geometric frustration to protein folding (called 'minimal frustration'), whereby frustration refers to kinetically trapped partly folded intermediates of a folding protein [72, 73] .
Energetic frustration is a specific case of the EAM where the domain-domain interaction energies (Dg i2j ) destructively interfere with one another to influence the ensemble. This can happen as a natural consequence of negative and positive cooperativity between individual pairs of domains (figure 5). For example, if two domains positively affect a third domain's stability, but destabilize one another, the first two domains will be energetically frustrated. Their direct coupling interactions would simultaneously be indirectly opposed.
For the three-domain GR protein discussed, such a situation arises whenever an odd number of domain-domain interactions exhibit negative cooperativity (figure 5). (Even numbers result in constitutive function that is not able to be regulated by the ensemble, e.g. a 'committed' activator or repressor.) Recent evidence indicates that the naturally occurring GR conforms to the example of energetic frustration, depicted as case 2 in figure 5 . The experiments supporting this conclusion include unfavourable coupling between R-and F-domains by osmolyte folding and protease sensitivity assay [18, 19] , and favourable coupling between the DBD and F-domain from those same studies. Additional evidence supporting a positive cooperativity between the DBD and F-domain comes from cell-based transcriptional assays that show increased activity in that context [19] .
We speculate that this allosteric mechanism is widespread, because many multi-domain proteins appear to contain extensive disorder [74] , domain-segregated functions [75] and discrete regulatory regions. Alternative translation starts sites, alternative splicing and post-translational modifications, often used in eukaryotes [76] , would broaden the allosteric strategies available to the organism by changing the presence of domains and the cooperativity between domains. Indeed, engineered point mutations that target the interface between GR domains could completely change the cooperativity, and thus change the efficacy of existing therapeutics for this medically important protein. The discovery of energetic frustration opens new vistas to explore how structured and unstructured proteins are regulated. tors. An inter-domain cooperative interaction ( positive Dg) between domains is indicated by a green 'þ', and an inter-domain negatively cooperative interaction (negative Dg) is indicated by a red '2'. Thin lines indicate the ultimate effect of the inter-domain interaction on the functional phenotype at the F-domain, red perpendicular terminations ultimately decreasing activity and green arrows ultimately increasing activity. Thus increased activity may result from two negatively cooperative interactions, and, in general, tunable activity results from two opposing types of cooperativity affecting the Fdomain. Although GR corresponds to the second graphic in the series, these cases of energetic frustration could generally apply to any three-domain protein, and the framework is theoretically extendable to arbitrary numbers of domains with varying types of inter-domain interactions. Competing interests. The authors declare no competing interests. Funding. This work was supported by National Science Foundation grant MCB-1330211 and National Institutes of Health grants GM-126130 and T32-GM-008403.
